Wildfires are a naturally rare phenomenon in subarctic tundra ecosystems. Climate change triggers feedback loops that probably increase fire frequency and extent in those regions. Fire can change ecosystem properties of the Arctic tundra. However, long-term effects of fire on vegetation dynamics are still poorly understood.
Introduction
Fire drives ecosystem patterns and processes across biomes and climatic zones (Bond & Keeley, 2005; Bond et al., 2005; Bowman et al., 2009; Turner, 2010) . Wildfire patterns are governed by, and in turn affect, climate and land use (Pechony & Shindell, 2010; Archibald et al., 2013) . Fire frequency, extent and severity are predicted to increase with global warming (Flannigan et al., 2009) , which might affect ecosystem functioning (Moritz et al., 2012 ). An ecosystem with predicted strong increases in fire frequency is the subarctic tundra, where the effect of global warming is particularly strong compared to other parts of the world (Pachauri et al., 2014; Hu et al., 2015) . Here, fires are naturally rare, cool and small compared to other biomes (Viereck & Schandelmeier, 1980; Archibald et al., 2013) . However, a strong increase in extent is predicted e.g. for Alaskan tundra (Hu et al., 2015) and Arctic fires are already getting a lot of attention as a highly actual and relevant topic in media (Amos, 2019; Watts, 2019) .
Tundra fires occur most frequently during dry and warm periods (Hu et al., 2015; Masrur et al., 2018) . This suggests that climate warming will increase probability of ignition in subarctic regions (Higuera et al., 2008; Bowman et al., 2009; Moritz et al., 2012; Young et al., 2016) . Fire regimes vary regionally regarding fire frequency. In Arctic Alaska, cooler and moister locations burnt less frequently than drier and warmer zones that reached a fire frequency similar to that of boreal forests (Higuera et al., 2011; Rocha et al., 2012) . Tundra vegetation has strong effects on fire patterns through fuel availability and quality as past fire regimes show: fire frequency was higher in shrub than in herb tundra (Higuera et al., 2009) .
The largely open landscape is sparsely dotted with larch trees (Larix sibirica). With the exception of depressions and small streams, the study region is well-drained and comparatively dry in comparison with other tundra areas. Soils are characterized as Crysols (IUSS Working Group WRB, 2015) developed in silty, loess-like parent material. Naturally, fires in the region are mainly induced by lightning (Kornienko, 2018) . However, with a recent increase in transport and settlement infrastructure in the area (due to oil and gas exploitation) the number of human-induced fires has increased in recent years (Vilchek & Bykova, 1992; Mollicone et al., 2006; Yu et al., 2015) .
Sampling design and data collection
We compared vegetation and environmental parameters at three large, non-overlapping burnt areas (fire scars) and adjacent unburnt control sites. Fire scars were selected opportunistically in an area that was accessible via tarmac roads, and based on the availability of scars of various age in close vicinity to facilitate efficient sampling. Fire scars were visually detectable by comparing annual Landsat images in Google Earth Timelapse (Gorelick et al., 2017) : areas appeared pale due to a high lichen cover in the year before the fire, but black (due to removed lichen cover) in the year of fire. Fire scars were easily distinguished from other features with similar spectral properties by their irregular shape, and the location of their borders that generally followed meandering water courses (where the moving flames were often stopped).
The youngest fire scar (542 ha) burnt in 2005, a medium-aged scar (ca. 12,500 ha) burnt in 1990, and an old scar (3,500 ha) was already present on the first satellite image we used (from Landsat 1) from 1973, downloaded via USGS earth explorer (band combination 7,5,4, to make it comparable to the timelapse tool). Field sampling took place in July 2017 (areas burnt before 1973 and in 2005) and July 2018 (area burnt in 1990). Time since fire was therefore 12, 28 and at least 44 years for the three scars. As the tundra ecosystem is rather stable with low interannual variability in environmental conditions (Dahl, 1975) , the fact that data was collected in two subsequent years is not expected to bias the results considerably.
On each of the three fire scars, we selected 10 sampling locations along the fire border, which were located at least (300) 400-500 m from each other. At each location vegetation and environmental parameters were recorded at two plots of 10 x 10 m, one inside and one -as a reference -outside the burnt area. The plots of each pair were placed as close to each other as possible, but at least 100 m apart, because we always kept 50 m distance from the fire border to both sides to avoid edge effects.
On each plot, we estimated total vegetation cover, and the cover and growth height of different functional plant groups (lichens, bryophytes, herbs, grasses, dwarf shrubs, shrubs) .
For the most abundant dwarf shrub and shrub species, Vaccinium uliginosum L. and Betula nana L., we measured six functional plant traits that are related to plant growth (Hudson et al., 2011; Perez-Harguindeguy et al., 2016; Bjorkman et al., 2018) : Mean aboveground cover for plant individuals (calculated as: (longest diameter + orthogonal diameter) / 2), plant height, blade length, leaf thickness, specific leaf area (SLA) and leaf dry matter content (LDMC) (Suppl. 1). Apart from dry weights for SLA and LDMC, and leaf area, all measures were taken in the field. For SLA analysis, we placed at least four leaves per plant on an illuminated plate and took photographs in the field. We also considered two more species for trait sampling (Petasites frigidus and Carex globularis), which were infrequently found on the sample plots and are thus not considered in analyses.
On all plots, we measured soil temperature in 12 cm depth and active layer depth by using a thermometer and a metal stick. Both measurements were repeated five times per plot and the mean was calculated.
Statistical analysis
To test hypothesis 1 (fire has long-term effects on tundra vegetation structure) we subtracted the cover and trait values of the control plots from those of the paired plots within the fire area to obtain a difference. We then modelled the difference in vegetation cover and height between fire and control plots as a function of the vegetation recovery time (years since fire event) using linear mixed effects models in a Bayesian framework. Difference in cover and height were the response variables. Functional vegetation group and years since fire event were factorial explanatory variables. Both factors and their interaction were fitted as fixed effects. Plot was included as a random effect to account for the repeated sampling of vegetation groups on each plot. We used the R-package lme4 (Bates et al., 2015) . In the model with cover as dependent variable, the variance of the random factor was 0. Therefore, we excluded the random factor plot.
In order to obtain the posterior distributions, we used improper priors (Korner-Nievergelt et al., 2015) and simulated 2000 values from the joint posterior distribution using the sim function from the R-packages arm (Gelman & Su, 2007) and the package blmeco (Korner-Nievergelt et al., 2015) . We present the mean values and the 95% credible interval (CrI) of the simulated posterior distribution. We calculated the posterior probabilities of the hypothesis 1 being true by using the proportion of simulated values of the posterior distribution being > 0 and based our conclusions on those values.
For testing hypothesis 2 (structural changes in vegetation induced by fire will increase soil temperatures and depth of the active layer) we subtracted the soil temperature and active layer depth values of the control plots from the paired plots within the fire area. Afterwards, we fitted linear mixed effects models with difference in soil temperature and difference in active layer depth as dependent numeric variables and years since fire event as independent variable. Plot was considered as random effect. We calculated the posterior probabilities of the hypothesis 2 as described above in the analysis for hypothesis 1.
Hypothesis 3 (fire-related changes in soil temperature will lead to higher values in growthrelated plant functional traits) was tested by modelling the differences in six different plant traits between the fire and control plot as a function of time since fire, for V. uliginosum and B. nana. We used linear mixed effects models with difference in trait value (traits: mean aboveground cover, plant height, blade length, leaf thickness, SLA, LDMC) as dependent variable, species and years since fire event and their interaction as fixed effects, and plot as random effect. The posterior probabilities were calculated as described before.
For testing the hypothesis 4 (measurable fire effects on vegetation will weaken with years since fire) we repeated the analysis that was used to test hypothesis 1 and 3 but with the years since fire as a continuous independent variable. We calculated the posterior probabilities of the model used to test hypothesis 4 by using the proportion of simulated values of the posterior distribution for the slopes being > 0. We could not date the oldest fire event exactly as no satellite images from the years prior to 1973 were available. We therefore performed a sensitivity analysis. We re-run the model to test hypothesis 4 (Scenario1) assuming that the oldest fire scar was created 100 years ago (instead of 44 as in the models above) (Scenario2) and compared the results.
To separate direct and indirect effects of fire on vegetation and soil properties, we used a piece-wise structural equation model (SEM) implemented in the piecewiseSEM-package in R (Lefcheck et al., 2016) . This approach can be used for a relatively small sample sizes and allows to correct for spatial autocorrelation by including random factors (Lefcheck, 2016) . We focused on the plant traits of the dominating shrub species, B. nana. As we included fire plots as well as control plots, we could not use the variable Years since fire event, but included the variable Fire instead (two levels: burnt/unburnt). Variables that were included in the initial multilevel model were chosen based on the results of the regression analyses described above, and based on relationships between ecosystem compartments from the literature (see 
Results

Influence of fire on soil temperature and active layer depth
Fire strongly influenced soil temperature and active layer depth. Twelve and 28 years after the event, burnt plots showed a higher soil temperature and a deeper active layer than control plots, so that hypothesis 2 (structural changes in vegetation induced by fire will increase soil temperatures and depth of the active layer) was accepted ( Fig. 1, Table 1 ). Four decades after fire, the differences were no longer apparent, indicating that soil temperatures and active layer depth have returned to levels comparable with unburned plots. 
Influence of fire on vegetation cover and height
Lichen cover was found to be generally lower on burnt plots compared to unburnt plots, while bryophyte cover was higher (Fig. 2 , Table 2 ). Those relationships were also found more than 44 years after fire. Lichen cover was 55% lower on burnt plots, even four decades after fire.
The cover of shrubs and dwarf shrubs was similar on burnt and unburnt plots 12 years since fire. Twenty-eight years since fire, dwarf shrub and shrub cover were higher on burnt plots.
Thus, hypothesis 1 (fire has long-term effects on tundra vegetation structure: vascular plants on burnt plots will grow higher and have higher cover values, while lichens and bryophytes will grow smaller and have lower cover values) was confirmed for lichens, grasses, dwarf shrubs and shrubs, but not for bryophytes and herbs.
Vegetation height was also influenced by fire: shrubs were found to be taller on sites that burnt 28 and >44 years ago and the height of the lichen carpet was predicted to be lower on burnt compared to unburnt plots. The effect on lichen height was no longer evident four decades after fire. fire. Difference = value on burnt plot minus value on control plot. Coloured dots are differences calculated from the raw data, black dots are predicted mean values and lines 95% credible intervals CrIs). CrIs not overlapping zero imply a consistent difference between burnt and control plots.
Influence of fire on plant traits
Trait values of the dwarf shrub species V. uliginosum did not differ strongly between burnt and unburnt plots in contrast to our hypothesis. However, for the shrub species B. nana there was strong evidence for the long-term impact of fire on traits ( Fig. 3 , Table 3 ), like hypothesized. In this species, the mean aboveground cover was bigger on burnt plots compared to control plots. A similar pattern was found for height, blade length and SLA, which all exhibited much higher values on plots that burnt 44 years ago than on control plots and hypothesis 3 (fire-related changes in soil temperature will lead to higher values in growthrelated plant functional traits) was partly accepted. 
Vegetation recovery with time since fire
The difference in shrub cover and height between burnt and unburnt plots increased with increasing time since fire. The results were robust regarding uncertainty in the time of the oldest fire, as model results for both scenarios, 44 and 100 years since the last fire, suggested a steep increase of shrub cover and height (Fig. 4, Table 4 ). Therefore, hypothesis 4 (measurable fire effects on vegetation will weaken with years since fire) was accepted for cover and height of shrubs as well as for mean cover and SLA of B. nana individuals. We found mean aboveground cover and SLA to increase in difference with years since fire for B. nana, while differences for other traits and V. uligonosum showed no consistent increase or decrease. Those results were also robust regarding uncertainty in the year the oldest fire burnt (Fig. 4 , Table 5 ). 
Direct and indirect fire effects
Fire not only directly, but also indirectly affected soil and vegetation parameters. The final SEM contained six response variables and three predictor variables (Fig. 5) 
Discussion
Long-term fire impacts on soil temperature and active layer depth
Fire had strong impacts on soil temperature and active layer depth. Similar results were found in previous studies (Rocha et al., 2012; Bret-Harte et al., 2013; Narita et al., 2015) . Twelve and 28 years since fire, soil temperature was higher on burnt areas and the active layer reached deeper in comparison to unburnt areas, probably because of the missing insulating lichen cover, a lower albedo and a changed soil thermal conductivity regime (Jiang et al., 2015) . The increase of summer soil temperatures after fire has been described in previous studies for tundra soils (Chambers et al., 2005; Jiang et al., 2015) and is followed by permafrost thawing as well as an increase in active layer depth and can even lead to permafrost degradation (Jones et al., 2015) .
Soil temperature and active layer depth recovered several decades after fire to control plot levels. This finding confirms results for the Arctic tundra in Alaska, where the albedo was lower on a recently burnt area but gained again pre-fire levels after four to ten years (Rocha et al., 2012; French et al., 2016) . This mechanism is probably the result of a restored vegetation cover (Narita et al., 2015; Michaelides et al., 2018) , with a different composition regarding plant groups but a dense cover and similar albedo. During this process, organic material accumulates on the soil surface and soil temperatures as well as active layer depth can return to pre-fire levels (Michaelides et al., 2018) .
Long-term fire influence on vegetation
Fire had strong effects on tundra vegetation and even after more than 44 years since fire, vegetation on burned plots was far from being close to the vegetation at unburnt control plots.
Long-term fire effects strongly influenced vegetation patterns: while lichens were negatively affected, shrubs generally benefited through enhanced growth. The long-lasting effects of fire on lichens might be driven by limited re-colonisation abilities in this group. As fire completely destroys all lichen biomass (Jandt et al., 2008) , re-establishment of lichens requires new establishment via dispersal. The most common species in the area, Cladonia stellaris and Cladonia rangiferina, disperse mainly through thallus fragments (Webb, 1998) and unless transferred by animals, the dispersal distances of lichens, growing on the ground, are relatively short (Heinken, 1999) . The recovery of lichens on burnt areas is also affected by environmental conditions (Abdulmanova, 2010) . An important factor is the substrate: fires on sandy substrate can burnout soil layers and make a primary succession inevitable, while more humid conditions with active peat formation lead to a preservation of lichen fragments and thus to a faster recovery (Abdulmanova, 2010) . Additionally, the recovery of lichens can be influenced by vegetation, e.g. by shading shrubs, which hamper the establishment (Lambert & Maycock, 1968; Walker et al., 2006) . While lichens were limited in reaching pre-burn cover in our study, once established they grew generally well regarding thallus height on the burned sites and after four decades, lichen height on burnt plots reached nearly same mean values as on control plots. This is in line with the findings of Abudulmanova and Ektova (2015) who observed an increasing growth rate of Cladonia species with increasing time after fire.
Negative fire impacts on lichens are expected to interact with climate change effects, as climate change and fires induce favourable conditions for vascular plants and change fire frequency, leading to a reduction of total lichen cover in Arctic regions (Jandt et al., 2008; Joly et al., 2009) . A depleted lichen cover after fire is often regarded as a problem for reindeer grazing, as animals do not find enough food during winter if extended areas of their forage range burnt (Viereck & Schandelmeier, 1980) . Caribous avoid burnt tundra for more than a half century (Joly et al., 2009) . A general decline in lichens thus represents a threat for indigenous and rural people who depend on reindeer and caribou herds (Joly et al., 2009) .
In contrast to lichens, bryophytes benefited from fire in our study. Bryophytes are often the first plants that colonize burnt areas (Ryömä & Laaka-Lindberg, 2005) , possibly because they establish from spores buried in the soil or colonize the area via aerial dispersal (Clymo & Duckett, 1986; Ross-Davis & Frego, 2004; Ryömä & Laaka-Lindberg, 2005; Hylander & Johnson, 2010) . In Alaskan tundra ecosystems, bryophytes were found to take over bare ground after fire (Racine, 1981; Racine, Johnson, & Viereck, 1987) , but one study reports that bryophytes cover decreased about five years since fire as vascular plant species recolonized (Racine et al., 1987) . In our study, grasses or herbs did not dominate the vegetation after fire and thus, bryophytes could possibly benefit from overall low competition within vegetation on burnt areas.
Fire did not affect the cover of herbs and grasses on a longer time scale. This is surprising, as many studies report an increased cover of these functional types after a tundra fire event (Wein & Bliss, 1973; Racine et al., 1987; Jones et al., 2013; Narita et al., 2015) . One possible reason for this discrepancy might be the time-scale. Most studies collected data only in short periods since fire, and reported increased cover of grasses in the first years since fire (Wein & Bliss, 1973; Racine et al., 1987) . We did find an increase in grass height twelve years after the fire, but the differences between burnt and control plots later disappeared, a pattern that could not be found by other studies because of a shorter research period. Additionally, tundra is a highly heterogeneous habitat comprising many vegetation types. While we worked in rather dry tundra dominated by lichens, other studies focused on more moist or even boggy tundra with a higher dominance of grasses, for example in wet tussock tundra (Jones et al., 2013; Narita et al., 2015) . The habitat type likely affects the post-fire recovery trajectory. Shrubs benefited from fire, but the effect was detectable only after several decades. Twelve years after fire, shrub cover and height did not differ between burnt and control plots, in the older fire scars cover and height increased, and the pattern was more pronounced with increasing time since fire. Arctic shrubs generally benefit from fire (Racine et al., 2004; Jandt et al., 2008) , which probably reinforces shrub encroachment (which is also caused by other global change-related processes) and significantly changes ecosystem functioning (Hallinger et al., 2010; Myers-Smith et al., 2011; Lantz et al., 2013) . This stays in contrast to other ecosystems such as savannahs or grasslands where fire can prevent shrub expansion (Naito & Cairns, 2011) .
Fire can enhance shrub encroachment by two mechanisms. First, fire clears vegetation and thus, shrubs can better germinate and establish (Gough, 2006) . Second, fire promotes regrowth of shrubs from parts that survived the fire, for example rhizomes (de Groot & Wein, 2004 ). While we do not have any information on seedling establishment, we documented a positive fire impact on growth-related traits, which indicates enhanced growth. Specifically individual plant cover and height as well as SLA in B. nana, the dominating vascular plant species of the tundra in our study region, increased. A similar pattern was shown for alder shrubs (Alnus viridis subsp. fruticosa) at the border between subarctic and Arctic (Lantz et al., 2010) .
The positive effect of fire on shrub growth is likely mediated via increased summer temperature, availability of nutrients and other ecological factors that change after fire (Chapin, 1983; Chambers et al., 2005; Walker et al., 2006; Myers-Smith et al., 2015; Li et al., 2016) . High summer temperatures generally enhance photosynthesis, nutrient absorption and prolong the vegetation period (Chapin, 1983; Nielsen et al., 2017) . Higher temperatures additionally increase nutrient mineralization in the soil, making them better available for plants and thus, enhancing growth (Rustad et al., 2001) . While these factors affect all plants,
B. nana poses further mechanisms that allow the species to benefit from post-fire elevated temperatures. This species can modify its physiology and develop bigger vessels that allow more efficient water transport (Nielsen et al., 2017) , and, in contrast to other tundra plants, use mycorrhiza to transfer belowground carbon (Deslippe & Simard, 2011) . As a result, B. nana showed higher vertical growth and higher SLA, indicating increased nutrient availability (Kummerow et al., 1987; Shaver et al., 2001) on burnt plots.
The enhanced shrub growth and increased nutrient availability (as indicated by SLA) persisted over several decades, despite the active layer depth and soil temperatures returned to similar levels as in unburnt plots. This illustrates a strong fire legacy effect in shrub growth, possibly because individual shrub plants on burnt plots gained growth advantage over shrub plants on control plots during the time-limited phase when soil temperatures were higher and active layer deeper. The growth advantage remains also after the soil thermal regime went back to normal levels and shrubs on burnt plots grow with same progress as shrubs on control plots.
Interacting fire effects
Indirect fire effects on vegetation and soil play an important role in ecosystem dynamics and are sometimes even stronger than direct fire impacts on ecosystem components. We could show this for the active layer depth, which was strongly influenced by soil temperature.
Regarding the impact of soil temperature on plant traits, our structural equation model could not capture the relationship (expected positive influence of soil temperature on plant traits) correctly. The fire legacy effect on shrub growth revealed that current shrub measures of traits may not mainly be related to the current soil temperature, but to soil temperatures years and decades ago. This relationship can thus explain the discrepancy between our model results regarding this path and our expectations following literature and emphasizes the importance of historical processes in regard to current ecosystem properties (Rhemtulla & Mladenoff, 2007) .
Conclusions
The impacts of tundra fires on soil and vegetation are still visible after several decades. While soil thermal aspects seem to recover within decades, it is not clear, how long vegetation recovery takes, and whether it will recover to pre-fire levels at all.
A clear winner of tundra fires in Western Siberia is the shrub species B. nana, which shows enhanced growth of individual plants after burning. Whereas the active layer and soil temperatures returned to levels comparable with unburned plots after 44 years, we found shrubs to grow further. This indicates a strong fire legacy effect, with far reaching impacts on the whole ecosystem. Through higher shrub cover, an alteration in decomposition patterns is probable (McLaren et al., 2017) and the changing fire regime in Arctic regions might be influenced as well.
With a space for time approach, we could unravel fire impacts on the soil thermal regime and vegetation and show connections between fire effects and plant traits. For a further understanding of links between ecosystem processes and fire impacts, more studies across the entire and so far largely unexplored northern Eurasian tundra belt are essential. Table 1 : Mean values of change in soil temperature (12 cm depth) and active layer depth after fire, estimated by linear mixed effects model, between years since fire in the different groups.
Tables:
Means, 2.5%, 97.5% quantiles of the posterior distributions are given. Effects of change are shown in bold, if there is a high probability of the estimate to be different from 0 (P(estimate>0)>0.95, P(estimate>0)<0.05). 
